The aim of this study was to compare radioactive iodine (I-131) biokinetics after recombinant human TSH stimulation (rhTSH) and thyroid hormone withdrawal (THW) in patients with differentiated thyroid cancer (DTC). External effective dose rates were measured using external detectors and imaged quantitatively at the time of discharge from the isolation wards. We retrospectively analyzed 32 patients who had been diagnosed with DTC, papillary or follicular, and underwent remnant ablation after either rhTSH stimulation (n=22) or THW (n=10). The uptake of I-131 by remnant thyroid tissue was measured from 20.0 cm, 100.0 cm and 200.0 cm distances using a handheld external detector. The remnant thyroid tissue measured by the whole body images two to five days from administration was 10.7+26.0% (range 0.5 to 60.0%). The values measured at 20 cm were best correlated to the thyroid residual uptake measured by SPECT/CT. The half-lives of I-131washout (T1/2) in rhTSH group measured by external detector were shorter than those of THW group. T1/2 becomes longer when it was measured over longer distances. They were 10.9, 12.3 and 13.1 hours at distances of 20, 100, and 200 cm in rhTSH group, respectively. The TWH group showed 12.8, 14.9 and 17.7 hours, respectively. We conclude that I-131 biokinetics can be measured by external detector after high dose I-131 therapy for DTC. It showed that washout of I-131 was faster after rhTSH stimulation than THW, and slower in patients with distant metastasis than those without metastasis. Thyroid Neoplasms; Iodine Radioisotopes; Thyrotropin Alfa; Thyroidectomy; Neoplasm, Residual This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
INTRODUCTION
Ablation of remnant thyroid tissue by administration of radioactive iodine (I-131) after total thyroidectomy is a safe and effective treatment in patients with differentiated thyroid cancer (DTC), which provides a better prognosis and reliable follow-ups for DTC patients by measuring serum thyroglobulin (Tg). [1] [2] [3] [4] [5] [6] Successful ablation is usually defined as no visible uptake in the thyroid bed in diagnostic scan or, if visible, a percentage uptake <0.1%, 6-8 months after radioiodine therapy, and/or a stimulated serum Tg concentration <1 ng/mL. 7 Thyroid remnant may be defined as normal thyroid tissue or microscopic disease in the thyroid bed left by the surgeon after total or near-total thyroidectomy. Recombinant human TSH (rhTSH) is a convenient and safe tool to stimulate I-131 uptake by the remnant thyroid tissue. 8, 9 The preliminary results using rhTSH for remnant ablation (RA) were very encouraging. It was as effective as thyroid hormone withdrawal (THW) for RA, while the remnant absorbed dose was higher, while the whole-body dose was lower.
Biokinetics of I-131 can be reliably analyzed by measuring radioactivities of blood by well counter as well as of whole body by serial quantitative gamma camera imaging. Radiation exposure to staff at the time of imaging and blood sampling is a major concern especially when they are done immediately after I-131 administration. Radioactivity of DTC patients after I-131 administration is routinely measured by hand-held external detector at the bedside until the patients are safely discharged from the isolation ward. The purpose of this study was to evaluate whether the I-131 biokinetics can be analyzed by external detector measurements of radioactivity in DTC patients. We compared the results of rhTSH and THW groups, based on the distances of measurement.
MATERIALS AND METHODS
We retrospectively analyzed 32 patients who had been diagnosed with DTC, papillary or follicular, and underwent RA treatment after either rhTSH stimulation (n=22) or THW (n=10) from May 2013 to June 2015. The characteristics of patients are summarized in Table 1 . There were no differences between two groups including in hemodynamic parameters. The patients followed-up for three years. This retrospective analysis was performed according to the principles of the Declaration of Helsinki. The database of this study was approved by the Finnish authority for the protection of privacy and personal data.
The rhTSH (Thyrogen ® ; Genzyme Corp., Boston, MA, USA) stimulation was performed 1 and 2 days before oral administration of I-131. THW was done for at least 4 weeks. Administered I-131 doses varied from 1054 to 6801 MBq. Nine patients had primarily metastatic disease at the time of ablation. Lower doses (1054 to 3684 MBq) were used for patients without metastases, and higher doses (5043 to 6801 MBq) were used for patients with metastases.
We measured the effective dose rate outside the body with handheld external survey meters (Rados RDS-120, Rados, Turku, Finland) at a daily 20 cm distance from the jugulum, and 100 and 200 cm distances from the xiphoid process, which were measured by a laser distance meter (Bosch PLR 15, Robert Bosch, Stuttgart, Germany) until release from the isolation room (Fig. 1 ). The release criteria was 15 Sv/h from 1 meter based on the requirements of the Finnish Nuclear Safety Authority, STUK. The experimental design of the measurements is shown in Fig. 1 . Although RDS-120 is not compliant with H*(10) dose equivalent measurement as per ICRU/ICRP recommendations, our half-life determinations do not require H*(10) measurement. The background dose rate was about 0.1 mSv/h, which is so low that it was not subtracted from the measurements. The 20 cm distance measurement was not corrected for high count rate losses, because the effect was estimated to be similar or less than the uncertainties of the distance during measurement for a quenched GeigerMüller tube. The count rate effect was considered negligible at 100 cm or 200 cm. Single exponent fits in Excel (Microsoft Corp., Redmont, WA, USA) were used to obtain total radionuclide half-lives. Whole body gamma camera imaging followed by SPECT/CT of neck and thorax was acquired using Siemens Symbia gamma camera two to five days after the administration of I-131calculated quantitatively the residual disease using geometric mean.
Patients were grouped according to TSH stimulation (rhTSH vs. THW) and distant metastasis (absent vs. present). The statistical difference was analyzed using a paired t-test and multivariate analysis. The two-tailed test was used in all cases. A p value below 0.05 was considered statistically significant.
RESULTS
The remnant thyroid tissue measured by the whole body images two to five days from administration was 10.7± 26.0% (range 0.5 to 60.0%). The values measured at 20 cm were best correlated to the thyroid residual uptake measured by SPECT/CT. R square values were 0.63, 0.36, and 0.24 at distances 20, 100 and 200 cm.
The half-lives of I-131washout (T1/2) in rhTSH group were shorter than those of THW group. T1/2 becomes longer when it was measured longer distances. They were 10.9, 12.3 and 13.1 hours at distances of 20, 100, and 200 When patients did not have metastases, these between 20 cm, 100 cm and 200 cm were not statistically significant (Fig. 3) The kinetic parameters between the THW and rhTSH group did not differ from each other on average (Fig. 4) . However, in the rhTSH group at activity levels 3-5.5 GBq there was one patient who had higher activity than others. Fig. 4 shows a trend that the half-life was shorter when treatment is combined with rhTSH.
The dose rate, if measured from 20.0 cm or 100.0 cm distance, does not correlate with thyroid residue activity (Fig. 5 ). T1/2 was longer in patients with distant metastasis than those without metastasis. T1/2 in metastasis group were 13.9, 15.5 and 17.9 hours in 20, 100, and 200 cm, respectively. They were 11.0, 13.1 and 14.5 hours, respectively in the non-metastasis group. A case with successful RA therapy is shown in Fig. 6 . 
DISCUSSION
In this retrospective study of 32 patients at various clinical stages we found that I-131 biokinetics could be measured by a handheld external detector after a high dose I-131 therapy for DTC. The amount of the remnant thyroid tissue could be also assumed using the external detector. The values measured by external detector at 200 cm were best correlated to those measured by quantitative SPECT/CT, which ranged from 0.5 to 60% indicating a very heterogeneous patient population. The heterogeneity of the patient population is very understandable because the patients came from different institutions not only in Finland but from neighboring countries.
The feasibility of using a handheld external detector to analyze I-131 biokinetics has a practical meaning. It needs at least three values to analyze the biokinetics. Radioactivity from the residual thyroid tissue can be accurately measured by quantitative SPECT/CT imaging. Acquisition of whole-body imaging early after the high dose I-131 administration is practically impossible because of high radiation exposure to the hospital staff. Daily measurement of radioactivity at 1 meter from the patient until the release from the isolation room is the current, routine clinical practice. This practice is mandatory to make sure that the radiation from the patient is lower than the release criteria, which is 15 Sv/h from 1 meter distance in Finland.
One critical problem of biokinetic analysis by external detector is that the origin of the radioactivity cannot be clearly indicated. It is also not clear what distance is the best to analyze the I-131 biokinetics using an external detector. There were significant differences of T1/2 according to distances of measurement. Radioactivity measured at 20 cm from the jugulum mainly reflects radiation from the residual thyroid tissue as well as cervical lymph nodes. Radioactivity measured at 1 and 2 meters from the xiphoid process contains radiation from the whole body. It is reasonable that the values measured at shorter distances correlated to better to the uptake measured by SPECT/CT as they reflect the cervical thyroid remnant activities. It is also reasonable that I-131 washout is faster in rhTSH group as compared to the THW group as expected from the literature. 10, 11 It is noteworthy that there was no difference of T1/2 at 20 cm in both rhTSH and THW groups. The half-life of 20 cm uptake was lower than the 1 m uptake in both THW and rhTSH groups. The difference seems to be bigger in THW group. I-131 biokinetics in remnant thyroid tissue is not well understood. [11] [12] [13] [14] It has been postulated that I-131 discharge from thyroid cancer cells could be faster than from normal thyroid cells. 11, 12 However, the 20 cm distance is not good enough to separate activity from salivary glands, thyroid remnants, nor neck metastases from each other. Fig.  6 shows multiple radiation sources for external detectors from 20 cm distance, i.e. thyroid remnants, multiple neck metastases, and salivary glands. Additional disturbing factors, such as contaminations, may occur in the neck area and its effect has been described in the literature. 15 North American studies [16] [17] [18] showed that RA use was associated with a significantly decreased risk of locoregional recurrence and distant metastases which could be confirmed in later meta-analyses. 19 This indicates that RA is an important daily practice and evidence-based medicine which can be applicable to special patient groups. 20, 21 Although there are concerns of radiation safety and radiation-induced secondary hematologic malignancies, 22 many investigators emphasize the greater benefits as compared to the radiation risks. 23, 24 There are several limitations in this preliminary study. First of all, the patient group was heterogeneous because we collected data retrospectively from daily practice. Secondly, the sample size was small as the data come from one institute. That said, this practice is common in many nuclear medicine services in many countries in the world. This study can be meaningful if it can be applied to daily practice of RA therapy for DTC.
From this study we conclude that I-131 biokinetics can be measured by external detector after high dose I-131 therapy for DTC. It showed that washout of I-131 was faster after rhTSH stimulation than THW, and slower in patients with distant metastasis than those without metastasis. The gamma imaging has additional information to the external detector in terms of the location of residual thyroid tissue and metastasis.
